Vacuoles were isolated via protoplasts from the leaves of a halophyte Atriplex gmelini C.A.Mey., grown in culture solution supplemented with 250 millimolar NaCl. Lysis of the protoplasts was induced by lowering the medium osmolarity (1.2 to 1.0 molar sorbitol) and adding a detergent, a synthesized cholate derivative, 3-(13-cholamidopropyll dimethylammonio)-l-propanesulfonate at a concentration of 0.5 millimolar and the resulting vacuoles were purified by successive dilution and floatation. Isolated vacuoles contained almost the same concentration of sodium (569 millimolar) and chloride (260 millimolar) as recorded in protoplasts (582 and 254 millimolar, respectively), suggesting that the vacuoles are the major sequestration site of NaCI in leaves of halophytes. Betaine concentration in the protoplasts was about 16 millimolar, while that in vacuoles was only about 0.24 millimolar, indicating that betaine is accumulated in the cytoplasm as a compatible solute.
It is generally recognized that the process of osmotic adjustment in dicotyledonous halophytes subjected to saline conditions is achieved primarily by the uptake and accumulation of NaCI into the shoots (7, 24) . In the leaves of Atriplex gmelini plants grown in culture solution supplemented with NaCl at 250 mm, the sodium concentration of the tissue amounts to more than 500 mm without any deleterious effects on plant metabolism (21). Since the metabolic reactions occurring in the dicotyledonous halophyte leaves are known to be sensitive to high salt concentration as in the case of the leaves of glycophytes (8, 1 1) , it is proposed that the salts responsible for maintaining the leaf solute osmolarity should be sequestered into vacuoles and the difference in the water potential between the cytoplasm and vacuole is compensated by the accumulation of organic solutes such as betaine and proline in the cytoplasm (7, 24) . Results of compartmental analysis (32), x-ray microprobe analysis (10, 13) , and histochemical analysis (12) have supported this hypothesis. However, the direct determination of the solute concentration in isolated vacuoles from halophytes has not been reported to our knowledge. In order to confirm that vacuoles are the major site of salt sequestration, attempts were made to isolate vacuoles from protoplasts prepared from the leaves of A. gmelini plants grown under saline conditions. ence of 250 mM NaCl during September to December 1985 in a greenhouse were used (21). The lower epidermis was peeled off with a forceps and the leaves were cut into small pieces (0.5 x 1 cm), then floated on an incubation medium. Leaves whose lower epidermis could not be easily peeled off, such as too young and too old leaves, were discarded. The medium consisted of 1.2 M sorbitol, 1 mM Ca(NO3)2, 10 mm ascorbate, 2% Cellulase Onozuka R-10, 1% Macerozyme Onozuka R-10 (Yakult Biochemicals, Nishinomiya, Japan), 0.1% Pectolyase Y-23 (Seishin Pharmaceutical Co. Ltd., Tokyo, Japan), and 20 mM Mes (pH 6.0, adjusted with 2 M Tris solution). Usually a batch of 5 g leaves was incubated in 25 ml of the medium in a petri dish (10 cm in diameter) at 26°C, swirling at 30 oscillations per min. After 4.5 h, the medium was removed with a pipette and the tissues were squeezed delicately and resuspended in 25 ml of the new incubation medium except for the enzymes. Then the tissues were brushed softly with a small paintbrush to release the remaining protoplasts. All the solutions were pooled and undigested material was removed by filtrating through one layer of Miracloth.
MATERIALS AND METHODS
Protoplasts were floated by centrifugation (5 min, 120g) in a swinging-bucket rotor and the protoplast fraction (usually 15-20 ml) was collected with a pipette and mixed with an equal volume of 1.2 M sorbitol containing 3% Ficoll, then transferred to a 50-ml Babcock bottle. The suspension was overlayered with 20 mm Mes-Tris buffer (pH 6.0) supplemented with 1.2 M sorbitol and centrifuged (5 min, 120g). Protoplasts concentrated at the neck which were collected with a dispenser (Pipetman P-1000, Gilson) were designated as crude protoplast fraction. Protoplasts were further purified by repeated floatation by centrifugation at 1 ,000g for 3 min using a 0.4 ml centrifuge tube.
Vacuole Isolation. A 1 ml aliquot of the crude protoplast suspension (Chl concentration; 0.5 mg ml-') was transferred to a 50-ml Babcock bottle and mixed with 50 ml of a vacuole isolation medium, which consisted of 1.0 M sorbitol, 1 mM EGTA, 0.5 mm CHAPS,2 (Dojindo Lab., Kumamoto, Japan), and 20 mM Hepes (pH 8.0, adjusted with 2 M Tris solution). After centrifugation (3 min, 1 20g), the floating vacuoles (usually 1.2 ml) were collected with a dispenser and then 0.6 ml each of the suspension was transferred to a 13-ml Babcock bottle. 1987 an equilibration period of 15 min, the suspension was divided into 0.4 ml portion each into 0.4-ml centrifuge tubes and centrifuged at lOOOg for 3 min to concentrate the protoplasts at the surface. Chl was detected only in the protoplast layer. The radioactivity and Chl amounts of the protoplast layer and the lower part were determined using 0.1 ml each and the osmotic volume, i.e. the volume of 3H20-permeable and 14C-sorbitol impermeable space per mg Chl, was calculated. The '4C radioactivity per Chl in the protoplast fraction was reduced to less than 1% of the initial value by additional washing with the medium except for radioisotopes, although protoplast breakdown was about 10% during the washing. This indicated that sorbitol was not taken up nor metabolized by the protoplasts at least during the osmotic volume determination.
Solute concentrations in protoplasts were determined in the same way as the osmotic volume, except that the medium did not include radioisotopes and Ca(NO3)2 and the protoplast dilution was not made. The solute concentration was determined using each 0.1 ml, taken from the protoplast layer and the lower part. The values recorded in the lower part were subtracted from those of the protoplast layer and the amount of each solute was expressed on a Chl basis. Unless the concentration of sodium, potassium, chloride, and the activity of PEPCase of the lower part were within 1% of those of the protoplast layer (indicative of low breakage of protoplasts), the results of that run were omitted.
For the vacuoles, the uppermost and the lower part were collected from the 13-ml Babcock bottle, used in the second centrifugation step (see "Vacuole Isolation"). The lower part was free from vacuoles. Usually the concentration of sodium, potassium, chloride, and the activity of acid phosphatase in the lower part were within 5% of those of the uppermost layer.
Leakage of solutes from vacuoles during vacuole isolation under the current method was assessed as follows. A crude protoplast suspension of 0.02 ml (0.01 mg Chl) in a 0.4-ml centrifugation tube was mixed with 0.38 ml of the vacuole isolation medium as described above but with concentrations of CHAPS, varying from 0 to 2.5 mm. The tubes were inverted several times to distribute the vacuoles evenly and allowed to stand for 5 min, then centrifuged at lOOOg for 3 min. The sodium concentration and acid phosphatase activity were determined in the uppermost and the lower part.
Analyses. The Chl content was determined in an 80% acetone extract according to the method of Arnon (1) . Sodium and potassium levels were assayed by emission spectrophotometry (Shimazu AA-640). Chloride and betaine contents were determined colorimetrically by the method of Iwasaki et al. (15) Figure 1A shows the release of vacuoles under the current method. Lowering the medium osmolarity was essential, but without the addition of CHAPS, more than 20% of the protoplasts retained their cytosolic constituents. Addition of EGTA was not essential for the lysis of protoplasts but it avoided the aggregation of cellular debris.
The detergent CHAPS, a sulfobetaine derivative ofcholic acid, was first used by Dr. T. Suzuki for isolating vacuoles from spinach leaf protoplasts (personal communication, The Research Institute for Food Science, Kyoto University). This chemical which has been used successfully as a nondenaturing agent for solubilizing Cyt P-450 from mouse liver microsomes at a concentration above 6 mM (14) was ineffective in solubilizing ATPase from tonoplasts of oat roots (25) . The concentration of sodium and the activities of acid phosphatase in the lower part did not change significantly when 0 to 0.75 mM CHAPS was included, and below a concentration of 0.1 mm, the protoplast showed only swelling. At a concentration above 1 mM, the differences in the values between the uppermost and the lower part were less conspicuous, presumably due to the complete breakdown of protoplasts and cellular constituents to membrane vesicles (light microscopic observation). Accordingly, the leakage of solute was considered to be negligible at least when CHAPS was applied below a concentration of 0.75 mM and the contact of CHAPS with the protoplasts was limited to less than 10 min.
A long-term test (more than 10 min) to evaluate the solute leakage induced by the detergent was not carried out.
Vacuole Purity and Yield. Contamination by cytosolic materials was routinely checked by light microscopic observation (Fig.  1B) and determination ofthe activities ofseveral marker enzymes (Table I ). Since oxalic acid was considered to be confined to the vacuoles (30) , the enzyme activities and Chl contents in the protoplast and the vacuole fractions were expressed on an oxalic acid basis and the ratios of these values were compared ( . . -r.
-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-~-~jjr (Table II) . By comparing the solute concentration in the leaves and in the protoplasts, the concentration of potassium was found to be lower, while that of chloride higher in protoplasts than in leaves, respectively. The selective leakage of potassium from leaf cells during protoplast preparation may have occurred as was reported previously (27) . However, considering the increase of the chloride concentration in protoplasts, it is likely that these differences were associated with the heterogeneity of leaf cells with regard to the solute composition (13, 19 (12) . In the storage roots of sugar beet, considerable amounts of betaine were detected in the isolated vacuoles (17).
This finding may be ascribed to the milder salt stress experienced by these materials. As the cytoplasm has been reported to account for about 5% of the cell volume in mature leafcells of halophytes (32) , the cytoplasmic concentration of betaine may amount to 320 mm. Even if this were the case, the difference in solute osmolarity between the cytoplasm (320 mm betaine) and vacuoles (586 mm, sodium plus potassium) would still be large.
Assuming that the concentration of sodium plus potassium in the vacuoles amounts to 586 mm and that the water potential is balanced by only the cytoplasmic potassium at a concentration of 100 mm (see below) and betaine, the cytoplasmic volume may account for 1.7% ofthe cellular osmotic volume in our materials.
The value of 17 mm potassium recorded in the vacuoles (in this study) is quite comparable to the values reported for S. maritima (13) , while no significant differences were detected in the concentrations of potassium between protoplasts and vacuoles. Since the cytoplasmic solute concentrations were only deduced from the differences in the solute concentrations between vacuoles and protoplasts under the method currently employed, information on potassium localization could not be obtained. In a separate experiment, we investigated the potassium requirement of pyruvate kinase purified partially from the leaves of A. gmelini plants (results will be published elsewhere). The Km value of the enzyme for potassium was in the order of 10-3 M, as reported for the enzymes from glycophytes (2, 23, 31) , and the maximum activity was obtained in the presence of potassium at 100 mm. Accordingly, the potassium concentration should be maintained at around 100 mm in the cytoplasm, which is compatible with the value reported for S. maritima (32) .
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